Abstract Coseismic gravity changes stem from (1) vertical deformation of layer boundaries with density contrast (i.e., surface and Moho) and (2) density changes of rocks at depth. They have been observed in earthquakes with M w exceeding~8.5 by Gravity Recovery and Climate Experiment (GRACE) satellites, but those of M8 class earthquakes have never been detected clearly. Here we report coseismic gravity change of the 24 May 2013 Okhotsk deep earthquake (M w 8.3), smaller than the detection threshold. In shallow thrust faulting, factor (2) is dominant, while factor (1) remains secondary due to poor spatial resolution of GRACE. In the 2013 Okhotsk earthquake, however, factor (2) is insignificant because they occur at depth exceeding 600 km. On the other hand, factor (1) becomes dominant because the centers of uplift and subsidence are well separated and GRACE can resolve them. This enables GRACE to map vertical ground movements of deep earthquakes over both land and ocean.
Introduction
Since the launch in 2002, coseismic gravity changes have been observed using the Gravity Recovery and Climate Experiment (GRACE) satellites for several megathrust seismic events: the 2004 Sumatra-Andaman (M w 9.2) [Han et al., 2006] , 2010 Maule (M w 8.8) [Heki and Matsuo, 2010; Han et al., 2010] , and 2011 Tohoku-oki (M w 9.0) [Matsuo and Heki, 2011] earthquakes. They are all M9 class shallow-depth interplate earthquakes with shallow-angle thrust faulting. Han et al. [2013] also detected a significant coseismic gravity change for the 2012 off North Sumatra earthquake (M w 8.6), but the signal barely exceeded the noise level for the 2007 Bengkulu (M w 8.5) earthquake, Sumatra. The detection threshold with GRACE seems to lie around M w 8.5, and coseismic gravity changes have never been detected for smaller M8 class earthquakes. It is important to note that coseismic gravity changes have been detected only for shallow earthquakes.
Earthquakes occurring within subducting slabs with hypocenters deeper than a few hundreds of kilometers seldom exceed M8. Indeed, we know only three recorded M8 class earthquakes deeper than 600 km, i.e., the 1970 Colombia earthquake (M w 8.0, depth 645 km) [Rusakoff et al., 1997] , the 1994 Bolivian earthquake (M w 8.2, depth 637 km) [Kikuchi and Kanamori, 1994] , and the 2013 Okhotsk earthquake (M w 8.3, depth 607 km) [Ye et al., 2013; Zhan et al., 2014] . Only the Okhotsk earthquake occurred after the GRACE launch and provides a unique chance to study coseismic gravity changes induced by a deep-focus earthquake. Global Navigation Satellite System (GNSS) stations in Russia have also detected coseismic displacements for this earthquake [Shestakov et al., 2014; Steblov et al., 2014] , and they will help us interpret the observed coseismic gravity disturbances.
Gravity Data and Estimation of Coseismic Gravity Steps
We used the Stokes' coefficients with degrees and orders complete to 60 in the RL05 monthly GRACE Level 2 data [Bettadpur, 2012; Dahle et al., 2012; Chambers and Bonin, 2012] from February 2011 to June 2014 analyzed at the Center for Space Research, University of Texas. The coefficients of the C 20 were replaced with those of satellite laser ranging (SLR) data [Cheng and Ries, 2014] . To reduce short-wavelength noises, we applied the fan filter with the averaging radius of 400 km [Zhang et al., 2009] and reduced longitudinal stripes following Swenson and Wahr [2006] using polynomials of degree 3 for coefficients of orders 15 and higher. We also used the Global Land Data Assimilation System (GLDAS)-NOAH model [Rodell et al., 2004] We modeled the time series of gravity change Δg at a point as the sum of (1) linear component, (2) average seasonal (annual and semiannual) variation, and (3) a step at May 2013; i.e.,
where A is the overall bias, B is the average linear trend, and the seasonal changes are expressed with the third and the forth terms where θ 1 and θ 2 determine phase of annual and semiannual terms. Δt is the time elapsed since the 2013 Okhotsk deep earthquake, and the step function H(Δt) is 0 and 1 for negative and positive Δt, respectively. Here we estimated the seven parameters A, B, Ccosθ 1 , Csinθ 1 , Dcosθ 2 , Dsinθ 2 , and E with the least squares method. Their 1σ errors are inferred a posteriori from the postfit residuals. The linear trend, Bt, may partly come from the interannual change of ice volume in the studied region [Jacob et al., 2012] .
We repeated the least squares estimation at grid points with 1°separation in order to map the coseismic gravity step E. We obtained two sets of E, i.e., from Δg time series before and after the removal of hydrological signals using GLDAS. They are plotted in Figures 1a and 1b, respectively. Figures 1c and 1d show time series of Δg at points where the most significant coseismic steps were seen in Figures 1a and 1b, respectively. We selected the point in the oceanic area to show time series with relatively small land hydrological noises. In Figure 1d , average seasonal changes are removed, and one can recognize a negative step associated with the earthquake. Standard deviations of the postfit residuals at all grid points at which we calculated the time series ranged from 0.5 to 1.2 μGal ( Figure S1 in the supporting information).
In Figure 1a , a negative anomaly with peak decrease of~1.5 μGal is seen in the eastern part of the Kamchatka Peninsula. Two positive anomalies appear in the basins of the Amur River (around 130°E, 50°N) and the Lena River (around 130°E, 65°N) in Siberia. These two positive anomalies mostly disappear after the GLDAS corrections and are considered to be of hydrological origin. The GLDAS models often tend to give smaller Figure 1b and is obviously related to the coseismic gravity change of the 2013 deep earthquake. Figure S1 shows the standard deviation of the estimated value of E, at each grid. Notable error reduction can be seen after the GLDAS model application because it reduces scatter of gravity data in time series and Δg postfit residuals (see also Figures 1c and 1d ). In the next section, we address what these coseismic gravity changes indicate and why GRACE could detect coseismic gravity changes for an M8 class earthquake. ) is the universal gravitational constant. We then removed the contributions from sea water to the gravity changes following Heki and Matsuo [2010] . The sea water correction reduces the gravity changes due to vertical movements of the ocean floor. Results are shown in Figure 3a .
Next, we adjusted its spatial resolution to the same level as GRACE by (1) expanding the calculated distribution into coefficients of spherical harmonics with degrees and orders up to 60, (2) applying the same spatial filters used to process the GRACE data, and (3) converting them back to the space domain. The results are shown in Figure 3b . Negative anomalies are expected to appear in Kamchatka, but the signals caused by the uplift near Sakhalin mostly disappear due to the sea water correction and the spatial filtering. Figure 3b resembles to Figure 1 , suggesting that the gravity decreases observed in Kamchatka originate mainly from crustal subsidence. 
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Density Changes Versus Vertical Crustal Movements
Coseismic gravity changes occur by the two mechanisms, i.e., (1) uplift/subsidence of layer boundaries with density contrast, such as surface and Moho, and (2) density changes around the fault edges. In the cases of shallow earthquakes, regions of uplift and subsidence in (1) are close by and the poor spatial resolution of GRACE often makes it difficult to resolve them. On the other hand, (2) can be detected even from the orbit of GRACE because mass moves downward at the downdip edge of the fault (in case of shallow thrust faulting). This can be understood by representing the mass movements with hypothetical mass dipoles using the concept popular in electromagnetics (Figures S2a and S2b) . In this analogy, we could compare the positive (excess mass) and the negative (mass deficiency) poles to, e.g., the positive and negative charges of an electric dipole. Then, the perturbing gravity fields would be similar to the electric fields made by the dipole. The mass movement in (1) is equivalent to a horizontal dipole on the ground (although the positive/negative mass anomalies get larger for shallow-angle reverse/normal faulting), while that in (2) is equivalent to a dipole at depth which is nearly vertical for a shallow thrust faulting [see Ogawa and Heki, 2007, Figure 4a] . A vertical dipole makes nearly vertical field, while a horizontal dipole makes nearly horizontal field above it ( Figure S2b) . Hence, as long as the vertical components are concerned, a vertical dipole makes larger gravity change signals. The tilt of the vertical dipole may be partly responsible for the shift of the centers of coseismic gravity decrease toward the back-arc side [see Tanaka and Heki, 2014, Figures 2a, 2d, and 2g ].
In the case of the 2013 Okhotsk deep earthquake, the contributions of the two factor reverse. Two pairs of the density changes occur at the updip and downdip ends of the fault more than 500 km below the surface (Figure 4, left) . This is equivalent to a gravity quadrupole (Figures S2c and S2d) . The gravity field of a quadrupole decays with the fourth power of distance and becomes almost undetectable at the orbital height of GRACE. On the other hand, centers of surface uplift and subsidence go apart as the fault goes downward. The distance becomes comparable to the spatial resolution of GRACE when the fault is as deep as~600 km (Figure 4 , right). They are represented by two monopoles, i.e., positive and negative mass anomalies at the centers of the uplift and subsidence regions, respectively ( Figures S2c and S2d) . The gravity field of a monopole decays only with the square of the distance and may keep strong enough to be detected at the GRACE orbital height. This is shown schematically in Figure S2 and quantitatively in Figure S3 . There we compared the contribution of (1) and (2) assuming an elastic half space [Okubo, 1992] by changing the depth of the fault of the 2013 [Shestakov et al., 2014] , but they are not considered in the calculation of gravity changes.
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Okhotsk earthquake. Figure S3 shows that the factors (1) and (2) are comparable for an earthquake at depth 10 km. For a fault as deep as~100 km, (1) becomes 4 times as large as (2). Then, (1) exceeds (2) by an order of magnitude for a fault at~600 km depth. This simulation study justifies our interpretation that the observed (Figure 1 ) coseismic gravity changes came mostly from vertical crustal movements (Figure 3 ).
The observed changes (Figure 1b) are approximately 1 μGal larger than calculated changes (Figure 3b) . We think the contribution of Moho uplift/subsidence, not taken into account in this study, may partly account for the underestimation in Figure 3b . Although the density contrast of Moho (~500 kg/m 3 ) is less than that of the Earth's surface (2700 kg/m 3 ), the Moho contribution would enhance the gravity change signals because the amplitude of its uplift/subsidence would be greater than that of surface due to its shorter distance to the source of the earthquake. Another complication in this case arises from the nonflat boundaries of density contrast. The cold and dense Pacific Plate slab extends from the trench down to the epicenter of the Okhotsk earthquake, which may slightly modify the coseismic gravity changes. Anyway, these differences do not significantly exceed the errors of the gravity step E ( Figure S1 ), and quantitative identification of the error sources might not be easy.
The observed changes (Figure 1b ) are larger than calculated by approximately 1 μGal (Figure 3b) . We think the contribution of Moho uplift/subsidence, not taken into account in this study, may partly account for the discrepancy. The density contrast at Moho (~500 kg/m 3 ) is less than 1/5 of the Earth's surface, but its contribution would enhance the gravity change signals (deformation is greater at Moho due to closeness to the fault). Another complication in this case arises from the nonflat boundaries of density contrast. The cold and dense Pacific Plate slab extends from the trench down to the epicenter of the Okhotsk earthquake, which may slightly modify the coseismic gravity changes. Anyway, 1 μGal discrepancy does not significantly exceed the errors of the gravity step E (Figure S1 ), and quantitative identification of the error sources might not be easy.
Conclusion
For the first time, the GRACE satellites detected coseismic gravity changes invoked by the deep-focus seismic event-the M w 8.3 2013 Okhotsk earthquake. Its extraordinary focal depth was the key factor to make them visible. Although part of the gravity changes may originate from the deformation of Moho and other subsurface structures, they mainly reflect vertical surface deformation, and this makes GRACE a tool with new perspective to map coseismic vertical ground deformations. Although its spatial resolution is limited, satellite gravimetry is useful in both land and sea and could complement interferometric synthetic aperture radar satellites and terrestrial GNSS networks in mapping vertical crustal movements of deep earthquakes. Okhotsk earthquake has been changed to 20 km, 100 km, 300 km, and 500 km, and (right) surface vertical crustal movements are compared. Density changes (dimensionless) due to the faulting are shown with color for the faulting at 20 km and 500 km depths. Although the density change patterns are similar, the centers of surface uplift and subsidence (marked with gray dots) go apart for larger fault depths, exceeding the radius of spatial averaging of the GRACE data (400 km in this study). An elastic half space was assumed in calculating coseismic displacements and strain changes [Okada, 1992] .
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